Introduction
Blast furnace slag (BFS) is a by-product generated in the iron making process, where approximately 290 kg of BFS are produced per ton of pig iron. 1) Approximately 83 million tons of pig iron were annually produced, resulting in approximately 24 million tons of BFS as the by-product in Japan. BFS is generally obtained by rapidly or slowly quenching molten slag from a blast furnace in water or air. In Japan, 82.4% of the BFS is produced as water-granulated blast furnace slag (WGBFS) in 2013 amounted to 20.8 million tons.
2) BFS has been mostly reused as raw materials for cement, roadbed, and concrete aggregate. However, the amount of use of BFS in these fields tends to be saturated and, therefore, exploring new utilization of BFS becomes increasingly important.
Research on mineral carbonation, which sequestrates CO 2 as chemically stable carbonates, has recently attracted attention as a new way to reuse BFS.
3) BFS mainly consists of CaO and SiO 2 , and the calcium can be leached by acid treatment. Though there are some shortcomings, hydrochloric acid (HCl) effectively leaches the calcium. The leached calcium allows CO 2 sequestration in the form of calcium carbonate. This process produces undissolved residue mainly consists of SiO 2 as a new waste. Therefore, it is necessary to develop a new utilization of the undissolved residue to reduce the waste, which will potentially open a new market for BFS.
Allophane is a naturally occurring aluminosilicate con- Blast furnace slag is expected to be applied for a mineral carbonation process. This process produces a new waste of undissolved residue by acid treatment. The waste is mainly consists of SiO 2 , and the development of a utilization system for the waste would be desirable. In the current study, the undissolved residue was successfully used as raw material for the synthesis of allophane, which is a functional material as pollutants adsorbent.
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sisting of hollow and spherical particles with diameters of 3.5-5.0 nm. It has poorly crystalline structure and no definite chemical composition with a chemical formula of Al 2 O 3 ·(SiO 2 ) 1.3-2 ·(2.5-3)H 2 O. Allophane is fundamentally composed of an outer layer of gibbsite-like sheet with SiO 4 tetrahedral attached to its interior and having defects or pores in the wall structure with diameters of around 0.3 nm. Because of its high surface area and porous structure, allophane can be used as adsorbent for pollutants. Some researchers reported that As(V) and boric acid were adsorbed by formation of inner-sphere complex with exposed aluminol groups on the allophane surface while Cr(VI) and Se(VI) were adsorbed by formation of outersphere complex. 4, 5) In this study, we have developed a synthesis process of allophane utilizing the undissolved residue of BFS by acid treatment. Identification of the synthesized allophane was performed by X-ray diffraction (XRD) for long range order, Fourier transform infrared (FT-IR) spectroscopy for short range order and transmission electron microscopy (TEM) for morphology.
Experimental

Synthesis of Allophane
The WGBFS used in this study (raw slag) was supplied from one of the steel-making plants in Japan. The particles are indeterminate-form and their size is widely distributed from a few micrometers to approximately 50 micrometers (Fig. 1) The raw slag (10 g) was added to an aqueous solution of 6M hydrochloric acid (200 mL), and the resulting mixture was stirred at 50°C for 24 hours. The mixture was then filtrated, and the undissolved residue was washed thoroughly with ion exchange water until the washing water was chloride-free as judged by the silver nitrate test. The undissolved residue was dried at 80°C for 24 hours.
Allophane was synthesized from the undissolved residue by a procedure modified from that reported in the literature.
5) The residue (1.0 g) was dissolved in 200 mL of 1 M NaOH aqueous solution and then another 100 mL of 250 mM AlCl 3 ·6H 2 O solution was added. The resulting suspension was adjusted to pH 6.4 using a 1 M HCl solution and stirred for 1 h at room temperature. Precipitates were collected by filtration and washed on a 0.25 μm filter with deionized water to remove the entrained NaCl solutions. The precipitate was suspended in 200 mL of deionized water and then was hydrothermally treated at 80°C for 5 days. The solids were recovered by filtration and dried at 80°C for 3 days.
Characterization
Chemical compositions were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) with a Varian VISTA-MPX. Field emission scanning electron microscopy (FE-SEM) images were obtained using a Hitachi S-4500S with an energy dispersive X-ray fluorescence spectrometer (EDX), by which the elemental mapping were performed. XRD patterns were obtained with a Rigaku RINT-Ultima III diffractometer using Cu Kα radiation. Room-temperature FT-IR spectra were recorded on a JASCO FT/IR-4100 spectrometer using the KBr pellet technique. TEM image was obtained using a JEOL JEM-2100 operated at 200 kV.
Results and Discussion
After HCl acid-treatment, 3.5 g of an undissolved residue (as a dried product) was recovered from 10.0 g of the raw slag. Figure 2 shows the SEM image and the elemental mapping images of the residue. The sizes of the particles were distributed from sub-μm to 10 μm. Si and O were evenly distributed over the particles, and the other elements were hardly detected. The elemental analysis by the ICP-AES also shows that most of the components other than SiO 2 were eluted, and the residue mainly consisted of SiO 2 ( > 95 wt%) ( Table 1 ). The amount of recovered residue corresponds to the SiO 2 fraction in the raw slag. From the results, Si component and other components were successfully separated by the HCl leaching process. Figure 3(a) shows the XRD pattern of the raw slag with a halo in between 20° and 38° range showing the amorphous nature of the material. After hydrochloric acid treatment, a broad diffraction peak was shifted to lower angle ( Fig.  3(b) ). The peak was raging from 15° to 30°, which was attributed to amorphous silica. The XRD pattern of the synthetic product exhibits three broad peaks at 26.2°, 40.1° and 66.2° (d = 0.34, 0.22 and 0.14 nm, respectively) that correspond to diagnostic peaks for allophane (Fig. 3(c) ). Similar peaks have been previously observed in soil allophane. 6) One of these peaks at 26.2° is specific to spherical hollow particles which originates from the isolated SiO 4 tetrahedrons attached on the vacant sit of gibbsite sheet.
5)
The XRD pattern shows that the precipitate contains no crystalline impurities since the peaks that originate from aluminum hydroxides such as boehmite and gibbsite were not observed, though they have been sometimes recognized as co-products of allophane.
7)
The FT-IR spectra of the raw slag, the residue and the Fig. 2 . SEM image and elemental mapping images of the undissolved residue. synthetic product are shown in Fig. 4 . The assignments of FT-IR bands are based on the previous studies. 8) The broad bands in the spectrum of the raw slag indicate the amorphous nature of the slag (Fig. 4(a) ). The hydrochloric acid treated sample shows characteristic peaks and bands of amorphous silica (Fig. 4(b) ). In this spectrum, the bands at 3 464 cm can be assigned to Si-O-Si and Si-O-Al vibrations. 9) The bands between 860 and 1 450 cm − 1 can be attributed to aluminous allophane subsheet of Al-O and Al-OH bonds and originated from the octahedral sheet similar to the gibbsite sheet present in imogolite-type ((OH)Si(OAl) 3 ) framework strucutures. 5, 10) These peaks and bands are characteristic of allophane. Impurities such as boehmite and gibbsite were not also detected in the FT-IR spectra.
Prior to TEM observation, the synthetic product was subjected to ultrasonic irradiation for 8 min after dispersed in deionized water. The TEM image is shown in Fig. 5 . Single particles with a diameter of 5 nm and the aggregates were observed. The size of the aggregates is several 10 nm. The product had a characteristic morphology in allophane.
Conclusion
The WGBFS mainly consisted of CaO, SiO 2 , Al 2 O 3 and MgO as well as slight amounts of FeO, TiO 2 and MnO. The undissolved residue after HCl acid-treatment mainly consisted of SiO 2 ( > 95 wt%). Using the residue as a raw material, single phase allophane was successfully synthesized, which was confirmed by the XRD measurement, the FT-IR spectroscopy and TEM observation.
